Background/Aims: TGF-β plays a key role in the progression of various tumors. The main objective of our study was to investigate whether TGF-β is able to regulate N-nitrosodiethylamine (DEN)-induced hepatocellular carcinoma (HCC) progression in a mouse model by inducing Treg cell polarization. Methods: HCC progression, TGF-β and Foxp3 expression levels, serum TGF-β, IL10 and GP73 levels as well as percentage of Treg cells were analyzed in healthy, HCC and HCC+SM-16 mouse groups. The effect of TGF-β on Treg cell polarization in vitro was measured by flow cytometric analysis. The expression of TGF-β and IL10 was identified by IHC in HCC patients and the correlation between TGF-β and IL10 was also assessed. Results: TGF-β expression is up-regulated in a DEN-induced HCC mouse model. TGF-β can promote the differentiation of Foxp3 + CD4 + T cells (Treg cells) in vitro. However, blocking the TGF-β pathway with a specific TGF-β receptor inhibitor, SM-16, reduced HCC progression and the percentage of Treg cells in liver tissue. The correlation between TGF-β and Treg cells was also confirmed in HCC patients and the expression of both TGF-β and IL-10 was shown to be associated with HCC progression. Conclusion: TGF-β is necessary for HCC progression, acting by inducing Treg cell polarization.
TGF-β Regulates Hepatocellular Carcinoma Progression by Inducing Treg Cell Polarization

Introduction
Liver cancer is one of the most common causes of cancer mortality worldwide [1] . Among primary liver cancers occurring worldwide, hepatocellular carcinoma (HCC) represents the major histological subtype and accounts for 70 to 85% of all cases [2] . Although significant progress has been made in recent years, the molecular mechanism which regulates the development and progression of HCC needs to be further explored in order to develop more effective therapies.
The development of cancer is a multi-step and multi-phase process involving the interaction of numerous genes, the influence of the complex environment and the interaction between these factors. Previous studies of HCC focused on gene mutations, such as activation of oncogenes and inactivation of tumor suppressors [3, 4] . However, accumulating evidence has shown that the immune microenvironment plays crucial roles in the development of HCC [5, 6] , and that tumor infiltrating immune cells, such as regulatory T (Treg) cells, macrophages, neutrophils and Th17 T cells, could be prognostic factors in HCC patients [7] [8] [9] [10] .
Treg cells, characterized by the expression of Foxp3, play essential roles in maintaining immune homeostasis and participate in the maintenance of peripheral tolerance and prevention of autoimmunity [11] [12] [13] . Studies have shown that Treg cells which have infiltrated tumor sites have the ability to suppress host immune responses and thus could be major obstacles to effective therapy [14] [15] [16] . The differentiation of naïve CD4 + T cells into Treg cells requires distinct effector functions of TGF-β [11] , which plays essential roles in the regulation of immune responses and immune tolerance [17, 18] . Wahl and colleagues showed that TGF-β could induce the expression of Foxp3 in TCR-challenged CD4 [19] . Moreover, the role of TGF-β in the generation and expansion of Treg cells has also been identified in human peripheral blood [20] .
In the present study, we blocked the TGF-β signaling pathway using a specific TGF-β receptor inhibitor, SM-16 [21] , in an N-nitrosodiethylamine (DEN)-induced mouse model of hepatocellular carcinoma [22] . We found that both the tumorigenesis and development of HCC were significantly inhibited when the TGF-β signaling pathway was inhibited. Moreover, the frequency of Treg cells in the spleen and liver was obviously reduced in the SM-16 group and the expression level of Foxp3 in liver and lymph nodes was reduced. Administration of TGF-β by intraperitoneal injection was able to normalize the frequency of Treg cells and restore the expression level of Foxp3. Moreover, TGF-β was positively correlated with IL10 in HCC patients and the expression of both TGF-β and IL-10 were shown to be associated with HCC progression. Taken together, these findings revealed that TGF-β regulates the development of liver cancer by inducing Treg cell polarization.
Materials and Methods
Animals, induction of HCC by DEN and SM-16 administration
The use of animals was approved by the Animal Research Committee at Shanghai Second Military Medical University and all animal experiments were carried out following established International Guiding Principles for Animal Research. Mice were maintained on a 12 h light/12 h dark cycle at 21-24°C in the Animal Housing Unit. Five-week-old male mice were randomly assigned to one of three groups. Healthy group: animals were injected intraperitoneally with normal saline once per week. DEN group: mice were injected intraperitoneally with DEN (35 mg/kg body weight) (Sigma, St. Louis, MO) once per week. The injection was ignored if the mice lost weight ≥ 15% compared to the previous week [23] . DEN+SM-16 Group: SM-16 was incorporated into standard chow at a concentration of 0.45 g/kg of chow [24, 25] . Mice were switched to chow containing SM-16 as soon as they underwent DEN induction. A nutrient-matched diet without SM-16 was used as the control diet. 
Clinical specimens
Fresh cancer tissues were obtained from 12 HCC patients in Eastern Hepatobiliary Surgery Hospital, Second Military Medicine University, snap-frozen in liquid nitrogen immediately and stored at −80°C until total RNA was extracted. The clinical characteristics of all patients were available. All patients had previously provided written informed consent for the use of these clinical materials for research purposes and Institutional Ethics Committee approval was obtained.
Quantitative real-time PCR (qRT-PCR)
Total mRNA was isolated from HCC tissues using TRIzol reagent (Life Technology Corp, Carlsbad, CA) according to the manufacturer's instructions. cDNA was synthesized using a PrimeScript RT reagent kit (TaKaRa, Dalian, China). The expression levels of TGF-β, Foxp3 and IL-10 were determined using primers designed with the aid of primer 3.0 online and the primer sequences were as follows: TGF-β (mouse):
The mRNA expression level of β-actin was used for normalization and the relative expression levels of TGF-β, Foxp3 and IL-10 were measured by the 2 -ΔΔCT method.
Western blotting
Livers from the three groups were lysed in RIPA buffer supplemented with protease inhibitors (100 mM Tris, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1% deoxycholic acid, 0.1% SDS, 2 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 2 mM DTT, 2 mM leupeptin, 2 mM pepstatin), and then analyzed using a BCA protein assay kit (Beyotime Institute of Biotechnology, Jiangsu, China). Proteins were electrophoresed in a 10% SDS-PAGE gel. After transfer to polyvinylidene fluoride membranes (Millipore, Billerica, MA) and blocking with 5% milk, the membranes were incubated with anti-TGF-β primary antibody (Cell Signaling, Beverly, MA). The corresponding horseradish peroxidase (HRP)-conjugated immunoglobulin G was incubated at room temperature for 1 h. Signals were detected after chemiluminescence reaction with HRP Substrate (Millipore). GAPDH (Cell Signaling) was used as control.
Flow cytometric analysis
Spleens and livers were mechanically dissociated and red blood cells were lysed, and then samples were strained through a 70-μm nylon mesh to produce a single cell suspension. A total of 1 × 10 6 cells were stained with mAbs at a concentration of 1 µL/200 µL PBS for 30 minutes on ice. The antibodies used were as follows: IFNr-FITC, IL-4-PE, IL-17-FITC, Foxp3-PE and CD4-PerCP-Cyanine5.5 (BD Biosciences, San Diego, CA). Flow cytometric analysis was performed using a FACS Calibur flow cytometer (BD Biosciences).
Immunohistochemistry
After deparaffinization and hydration, 5 µm thickness tissue sections were quenched of endogenous peroxidase activity with 3% H 2 O 2 in methanol for 30 minutes and antigen retrieval was performed in sodium citrate buffer. Then, the tissue sections were blocked with 5% BSA (Sigma) at room temperature for 60 minutes and incubated with primary antibodies at 4°C overnight. Color was developed using DABchromogen kits, following by counterstaining with hematoxylin.
Plasma cytokine measurement
The serum levels of TGF-β, GP73 and IL-10 were measured by enzyme-linked immunosorbent assay (ELISA) using an ELISA kit (R&D Systems, Minneapolis, MN) following the manufacturer's protocols.
Statistical analysis
All data presented as the mean ± SD are from at least 3 separate experiments. Student's t-test was used to determine the statistical significance of differences between groups, and a P-value less than 0.05 in all cases was considered significant.
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Results
SM-16 inhibited TGF-β expression in hepatocellular carcinoma induced by N-nitrosodiethylamine (DEN)
The mouse model of HCC was established successfully by DEN treatment. To confirm the inhibitory role of SM-16 on TGF-β expression in the DEN-induced HCC model, mice from the three groups (Healthy control, DEN and SM-16+DEN) were sacrificed at different time points after DEN administration. The expression level of TGF-β increased significantly along with the development of HCC in the DEN group compared with that in the healthy group, but was obviously reduced in the group that received SM-16 administration (Fig. 1A) . TGF-β protein expression levels in HCC were also detected by western blotting, and the results showed up-regulation of TGF-β expression in the DEN group compared with the healthy group. However, SM-16 reduced the expression of TGF-β to a level equal to that of the healthy group (Fig. 1B) , which is consistent with the results of mRNA expression (Fig. 1A) . Moreover, we analyzed the TGF-β content in peripheral blood mononuclear cells (PBMCs). As shown in Fig. 1C , TGF-β levels in the PBMCs of the DEN group measured by ELISA were higher than in the healthy group, but were greatly reduced in the SM-16+DEN group compared with the DEN group. Together, these results showed that SM-16 inhibits TGF-β expression in a DENinduced model of HCC.
Inhibition of TGF-β blocked the development of HCC
The TGF-β pathway plays crucial roles in tumor development due to its essential roles in cell proliferation, differentiation and migration and promotes cancer progression after induction of the epithelial-to-mesenchymal transition (EMT) [26] . We next investigated the influence of TGF-β inhibition by SM-16 administration on the development of HCC. As shown in Fig. 2A , the livers were evaluated for their histology by hematoxylin and eosin (HE) staining and the results showed that tissue damage in the DEN-induced HCC group was 
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increased markedly compared with the healthy group, as evidenced by dense liver tissue and increased neutrophil infiltration. However, tissue damage was reduced to levels equal to that seen in the healthy group after SM-16 administration in the DEN+SM-16 group, indicating that TGF-β inhibition plays a protective role against liver tissue damage. 
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Golgi Protein-73 (GP73), a resident Golgi type II transmembrane glycoprotein, is upregulated in HCC, and commonly considered to be an important serum marker of HCC [27] . As shown in Fig. 2B , the GP73 levels in serum showed no great difference in the healthy group at different time points, but increased markedly with the development of HCC in the DEN group. Consequently, GP73 levels in the DEN group were significantly higher than those of the healthy group at the same time points. However, SM-16 administration reduced GP73 levels in the DEN+SM-16 group compared with the DEN group. Together, these results demonstrate that inhibition of the TGF-β pathway by SM-16 administration reduced the development of cancer in a DEN-induced HCC mouse model.
Inhibition of TGF-β reduced the percentage and expression level of Treg cells, while exogenous TGF-β promoted Treg cell differentiation in vitro
The interaction of the immune system and tumor cells plays crucial roles in tumor progression, and the development of cancer is often considered to be the result of immune system dysfunction, rendering the environment suitable for tumor growth [28] . The types of immune cells infiltrating the liver could be a predictive factor for tumor progression and cancer recurrence [29, 30] . To investigate this, we determined changes in CD4 + T cell polarization during progression of HCC. CD4 + T cells were isolated from the spleens of the three mouse groups using magnetic microbeads and four major subtypes of CD4 + T cells (Th1, Th2, Th17 and Treg) were detected by FACS. As shown in Fig. 3A and 3B, the percentage of 
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Next, the expression of Foxp3 (Treg cells) was analyzed at the transcriptional level. Foxp3 expression was obviously increased along with the development of HCC in the DEN group, and was notably higher than that in the healthy group. However, SM-16 administration reduced Foxp3 expression significantly in the DEN+SM-16 group compared with the DEN group (Fig. 3C) . Moreover, the results were further confirmed by analyzing serum levels of IL-10, the effector molecule of Treg cells, by ELISA (Fig. 3D ). These results demonstrate that Treg cells are involved in the development of DEN-induced HCC and that TGF-β inhibition reduces both the percentage and expression level of Foxp3.
The results described above showed that inhibition of the TGF-β pathway reduces the activity of Treg cells, and that this effect is enhanced in DEN-induced HCC. We further determined whether a decrease in Treg cells was due to TGF-β inhibition by SM-16 and whether TGF-β promotes Treg cell differentiation in vitro. Naïve CD4 + T cells isolated from the spleens of mice in the three groups were activated into Treg cells. As shown in Fig. 3E , the percentage of Treg cells was decreased significantly when TGF-β was inhibited (DEN+SM-16) compared with that following DEN treatment, indicating that TGF-β inhibition reduces Treg cell polarization. To confirm this, exogenous TGF-β was administered and the results showed that TGF-β increased Treg cell polarization in mice of both the healthy and DEN groups as expected. In addition, the polarization of Treg cells in the DEN+SM-16 group was rescued by TGF-β addition at a concentration of 1 ng/mL (Fig. 3E) . Together, these results show that TGF-β promotes Treg cell differentiation in vitro.
TGF-β correlated positively with IL10 in HCC patients
Previous studies showed that the numbers of Treg cells significantly increased in HCC patients compared with those in healthy controls [31] . We next investigated the relationship between IL10 and TGF-β. HCC patient samples of different stages were used to extract total RNA for transcriptional analysis. As shown in Fig. 4A and 4B, TGF-β and IL10 expression increased along with HCC progression. Moreover, correlation analysis between TGF-β and IL10 expression was performed and the results showed a positive correlation between them in HCC patients (Fig. 4C) . The expression of TGF-β and IL10 in HCC patient samples of different stages were also investigated by immunohistochemistry (IHC). The results are shown in Fig. 4D and confirmed the positive correlation between TGF-β and IL10 expression in HCC patients.
Discussion
Hepatocellular carcinoma (HCC) is a life-threatening disease worldwide with high incidence and poor prognosis. More than 60% of patients are troubled with cancer recurrence, during which the therapeutic approaches are limited because of tumor spread in aggressive forms. The exact mechanism involved in regulating the pathogenesis and development of HCC remains poorly understood and an effective therapy for HCC is urgently needed. In the present study, we found that TGF-β is up-regulated in a DEN-induced mouse model of HCC, while SM-16 administration has an obvious inhibitory role on TGF-β, resulting in reduced development of HCC. Treg cells increase during development of HCC, and TGF-β is essential for Treg cell polarization, as evidenced by the finding that inhibition of TGF-β by SM-16 led to a significant decrease in the percentage of Treg cells in liver tissue. In addition, addition of exogenous TGF-β restored Treg cell numbers to normal levels and promoted Treg cell differentiation. Moreover, TGF-β and Foxp3 expression are involved in progression of human HCC and correlate positively in HCC patients.
Previous studies have reported that TGF-β plays crucial roles in the progression of HCC. Mazzocca and colleagues have shown that blocking of the TGF-β pathway in HCC using an inhibitor of TGF-β receptor I kinase, LY21009761, decreased neo-angiogenesis and tumor growth of HCC. In addition, LY21009761 blocked the paracrine cross-talk between HCC and endothelial cells [32] . Fransvea and co-workers reported that TGF-β enhanced the invasion of HCC cells by specifically phosphorylating beta1 integrin, while inhibition of TGF-β by a selective inhibitor blocked the invasion of HCC cells [33] . In this study, we found that TGF-β promotes the development of DEN-induced HCC and that inhibition of TGF-β by SM-16 impairs the progression of HCC, which is consistent with results previously reported.
Apart from its direct role in regulating tumor progression and invasion, TGF-β also plays essential roles in the development of immune cells and controls the differentiation of various CD4 + Th subtypes. Under the stimulation of TGF-β, CD4 + naïve T cells differentiate into Treg cells [34] , the infiltration of which into liver tissue is often associated with poor prognosis in HCC patients. TGF-β promotes tumor immune escape by maintaining natural Treg levels and enhancing induced Treg cell differentiation. In this study, we found that the frequency of Treg cells increased in HCC and that inhibition of TGF-β by SM-16 significantly reduced Treg cell frequency. In addition, we discovered the promoting role of TGF-β on Treg cell differentiation in vitro.
Treg cells play critical roles in regulating immune responses, such as blocking inflammation and tissue destruction, inhibiting the function and maturation of antigenpresenting cells, suppressing the production of B cell antibodies, and inhibiting the functions of CD4 helper T cells and CD8 cytotoxic T lymphocyte activity. Production of cytokines such as TGF-β and IL-10 is necessary when Treg cells play suppressing roles in immune responses. In addition, TGF-β can induce the formation of Treg cells from CD4 + naïve T cells and is vital in regulating immune suppression in vivo [35] . IL-10, the effector molecule of Treg cells, is another cytokine that plays important roles in regulation of the immune system. Previous studies have shown that IL-10 is associated with viral-related inflammation in the liver [36] . Moreover, circulating IL-10 is highly up-regulated in a proportion of HCC patients, and high levels of IL-10 are related to hepatic injury caused by cirrhotic processes and predict a poor prognosis [37, 38] . We found that expression of TGF-β and IL-10 increased with progression of HCC, and the relation analysis showed a positive correlation between TGF-β and IL-10 expression in HCC patients.
In conclusion, our findings suggest that TGF-β is up-regulated in HCC and plays crucial roles in HCC progression by inducing Treg cell polarization. Inhibition of TGF-β by SM-16 rescues HCC progression and could be a potential therapeutic target for HCC patients.
